Galactosylated chitosan (CTS) has been widely applied in liver tissue engineering as scaffold. However, the influence of degree of substitution (DS) of galactose moieties on cell attachment and mechanical stability is not clear. In this study, we synthesized the lactose-modified chitosan (Lact-CTS) with various DS of galactose moieties by Schiff base reaction and reducing action of NaBH 4 , characterized by FTIR. The DS of Lact-CTS-1, Lact-CTS-2, and Lact-CTS-3 was 19.66%, 48.62%, and 66.21% through the method of potentiometric titration. The cell attachment of hepatocytes on the CTS and Lact-CTS films was enhanced accompanied with the increase of galactose moieties on CTS chain because of the galactose ligand-receptor recognition; however, the mechanical stability of Lact-CTS-3 was reduced contributing to the extravagant hydrophilicity, which was proved using the sessile drop method. Then, the three-dimensional Lact-CTS scaffolds were fabricated by freezing-drying technique. The SEM images revealed the homogeneous pore bearing the favorable connectivity and the pore sizes of scaffolds with majority of 100 m; however, the extract solution of Lact-CTS-3 scaffold significantly damaged red blood cells by hemolysis assay, indicating that exorbitant DS of Lact-CTS-3 decreased the mechanical stability and increased the toxicity. To sum up, the Lact-CTS-2 with 48.62% of galactose moieties could facilitate the cell attachment and possess great biocompatibility and mechanical stability, indicating that Lact-CTS-2 was a promising material for liver tissue engineering.
Introduction
Serving as an interdisciplinary field in biomedical engineering, liver tissue engineering aims to regenerate new living tissue for replacing diseased or damaged tissues/organs in recent years [1] . The three-dimensional scaffold, as one of the three essential factors of tissue engineering, is playing an extremely important role as adhesive substrate and in connective tissue framework and payload and storage of growth factors [2, 3] . Therefore, development of new class artificial scaffold is an imperative task to guide cell attachment, survival, cell morphological changes, proliferation, and differentiation for liver tissue engineering.
The constituents of extracellular matrix (ECM) materials are one of the most important key factors to determine the properties of tissue scaffold. As a natural biomaterial with its essential advantage in biodegradation, biocompatibility, and nonimmunoreaction, chitosan (CTS) is an ideal ECM material for three-dimensional scaffold [4] [5] [6] . Thus, the CTS and its derivatives are widely applied in tissue engineering 2 International Journal of Polymer Science [7] . Additionally, the micromorphology and structure could impact the properties of scaffold and the cells growth as well. The porous structure and favorable pore connectivity of scaffolds are beneficial to the penetration of nutrients and the normal cell metabolism. Researches indicated that sufficient space and surface area of scaffold were able to offer the suitable surroundings for the cell adhesion, proliferation, and differentiation [8] . Among the methods of scaffold fabrication, the freezing-drying technique was recommended to produce the well-structured scaffolds with high porosity and appropriate aperture determined by the freezing degree [9] . In recent years, the three-dimensional CTS sponges with high porosity and mechanical stability were fabricated by freezing-drying technique and could maintain liver-specific functions [3, 10, 11] , indicating that the CTS scaffolds could be promising as novel hepatocytes substrates for liver tissue engineering, such as bioartificial liver-assist devices and liver regeneration.
Besides, because of its abundant hydroxyl and amino groups, CTS can be easily modified with specific ligands [12] [13] [14] [15] , which provides reaction site to link some ligand of liver parenchyma to improve the affinity between seed cells and tissue scaffold. These ligands can induce the seed cells to attach the scaffold and accelerate the recovery of cellular functions. It is confirmed that asialoglycoprotein receptors (ASGP-R) are overexpressed on the surface of hepatocytes and selectively bind to galactose ligands [2, 5, 16, 17] . Recently, many researches demonstrated that the interaction between ASGP-R and galactose ligand can facilitate the attachment and aggregates formation of hepatocytes and enhance maintenance of liver-specific functions [2] . Therefore, Park et al. covalently coupled CTS with galactose moieties, which indicated that hepatocytes adhered to twodimensional galactosylated CTS film with spreading shapes [9] . Feng et al. fabricated three-dimensional galactosylated CTS scaffold with high cell attachment and liver-specific function maintenance in terms of albumin synthesis and urea metabolism [2] . However, so far, it is not clear whether the degree of substitution (DS) of galactose moieties in the backbone of CTS affects the cell attachment and mechanical property of the scaffold.
Herein, we investigate the influence of galactose moieties in CTS scaffold on the cell attachment, mechanical properties, and biocompatibility. In this study, the lactosemodified chitosan (Lact-CTS) was successfully synthesized through Schiff base reaction between the glucose group of lactose and amino group of CTS under the reducing action of NaBH 4 , and then the porous scaffolds were prepared by freezing-drying technique. The chemical structures of the products were characterized by Fourier transform infrared spectrometry (FTIR), the physicochemical properties were measured by potentiometric titration and other methods, and the morphology of scaffolds was observed using scanning electron microscope (SEM). Moreover, the hepatocytes attachment on Lact-CTS films was monitored under phase contrast microscope and the hemolysis assay and cell growth on Lact-CTS scaffolds were performed to evaluate the biocompatibility of Lact-CTS for liver tissue engineering. 
Materials and Methods

Synthesis of Lact-CTS.
Coupling of lactose with chitosan was carried out by the reducing agent as described previously [18] . Briefly, 8.0 g of lactose was added to 50 mL of the chitosan solution (1.5 wt% in 1% acetic acid solution), under magnetic stirring for 1 h at room temperature. Then, 0.2, 0.6, and 1.6 g of NaBH 4 were put into the mixture, respectively. After reaction for 25 h at room temperature, the product was dialyzed against distilled water for 2 days, followed by lyophilization to obtain the final products Lact-CTS-1, Lact-CTS-2, and Lact-CTS-3, respectively.
FTIR.
FTIR spectra were recorded using FTIR spectrometer (Thermo Nicolet Corp., Madison, USA). Dried samples were ground with KBr powder and compressed into pellets for FTIR examination.
Measurement of DS.
The DS of lactose in Lact-CTS was calculated by potentiometric titration method [19] . Briefly, 0.1 g of Lact-CTS-1, 0.1 g of Lact-CTS-2, and 0.1 g of Lact-CTS-3 powder were dissolved in solvent of 1% hydrochloric acid at the concentrations of 0.3% (wt/v), respectively. Then, as the titrating solution, 0.1 mol/L of NaOH was added to the previous acid solution to measure the different pH value of the solution under different volume of standard caustic soda solution. The DS was evaluated as follows:
In the formula, the consumption of NaOH (Δ , mL) was obtained by the changed volume in the process of two mutations. NaOH (mol/mL) stands for the concentration of NaOH, represents the constant weight of sample, and constants 16 and 0.0994 (g) are the formula weight of amino group and the theoretical amount of amino group.
Analysis of Contact Angle.
The contact angle of samples was determined by using the sessile drop method with the contact angle instrument JC2000A (Shanghai Advanced Photoelectric Technology Co., Ltd., China) at room temperature. The CTS, Lact-CTS-1, Lact-CTS-2, and Lact-CTS-3 films were prepared in glass slips and dried naturally at room temperature, respectively. Subsequently, 5 L distilled water was dropped to the surface of the films, and the bead modality of dripping was measured in 10 seconds. 
Cell Culture and Attachment on the Lact-CTS Films.
LO2 cells were cultured in the RPMI 1640 medium supplemented with 10% FBS, 100 U/mL penicillin, and 100 g/mL streptomycin at 37 ∘ C in a humidified incubator with 5% CO 2 until reaching 80-90% confluence. The CTS, Lact-CTS-1, Lact-CTS-2, and Lact-CTS-3 films were also prepared in glass slips and dried naturally at room temperature, respectively. And then the films were sterilized by UV irradiation. The cells were seeded onto CTS and Lact-CTS films in 96-well plate and the morphology changes of adhered cells were observed using an Olympus phase contrast microscope (Olympus, Japan).
Fabrication of Lact-CTS Porous
Scaffold. The Lact-CTS solution was prepared by dissolving the powder in solvent of 1% acetic acid at the concentration of 3.0 wt%. Subsequently, 0.25% glutaraldehyde solution was added to the acid solution [20] . The mixture was added as 0.5 mL per well to a 96-well microplate and precooled for 4 h at 4 ∘ C; then the Lact-CTS scaffolds were prepared by lyophilizing methods at −20 ∘ C. Finally, the scaffolds in reserve were operated by the secondary freeze drying.
Characterization of Porous Lact-CTS Scaffolds.
The morphology of Lact-CTS scaffold was observed using JSM 5610LV SEM (JEOL, Japan). Cross sections were mounted onto an aluminum stub and coated with gold/palladium using JEOL JFC-110E Ion Sputter and the average pore size of the scaffolds was determined using image analysis system.
The porosity [21] and swelling ratio [22] of Lact-CTS scaffold were measured according to the literature with minor modification, respectively.
Hemolysis Assay.
The scaffold extract solution was prepared through infiltrating the dried Lact-CTS-1, Lact-CTS-2, and Lact-CTS-3 scaffolds into 1x PBS (wt/v, 0.05 and 0.1 g/mL) at 37 ± 1 ∘ C for 24 h. Ethylenediaminetetraacetic acid-(EDTA-) stabilized human blood samples were freshly collected from Union Hospital (Wuhan, China) according to the literature with minor modification [23, 24] . The research was approved by the Institutional Review Board of Tongji Medical College of Huazhong University of Science and Technology. The patients provided informed written consent before blood sampling. In brief, 2.5 mL of blood sample was mixed with 5 mL of 1x PBS (pH = 7.2) and red blood cells (RBCs) were isolated from serum by centrifugation at 10,016 g for 10 min. Then, RBCs were rinsed five times with 5 mL of PBS solution and the purified blood was diluted to 25 mL with PBS. 40 L diluted blood suspension was added to 160 L scaffold extract solution and mixed by vortexing. Herein, blood incubation with PBS and blood incubation with DI water were used as the negative and positive controls, respectively. All sample tubes were kept in static condition at 37 ∘ C for 3 hours. Finally, the mixtures were centrifuged at 10,016 g for 5 min and 100 L supernatant of all samples was transferred to a 96-well plate. The absorbance values were measured at 570 nm by using a microplate reader (Thermo Electron, Finland).
Statistical Analysis.
The data were expressed as mean ± standard deviation (SD) from three independent experiments. The analysis of variance was performed using Dunnett's test by PASW Statistics (SPSS Inc., Chicago, IL). A value of < 0.05 was considered statistically significant.
Results and Discussion
Preparation and Characterization of Lact-CTS.
The lactose is a disaccharide sugar composed of galactose and glucose groups. In aqueous solution, the glucose groups of lactose exhibit both hemiacetal hydroxyl of ring structure and carbonyl of chain structure illustrated in Figure 1 , whereas galactose groups keep stable ring structure. Through the Schiff base reaction and the reducing action of NaBH 4 , the chemical bond was formed between the carbonyl groups on lactose and the primary amines on CTS. As shown in Figure 2 , the Lact-CTS was successfully synthesized.
The product was characterized by FTIR from satisfactory analysis data were obtained. The FTIR spectra of CTS, Lact-CTS-1, Lact-CTS-2, and Lact-CTS-3 were shown in Figure 3 . The peak form and peak position of Lact-CTS-1, Lact-CTS-2, and Lact-CTS-3 were quite similar but not identical with CTS. The characteristic absorption peaks of CTS at 1650 and 1597 cm −1 , which were attributed to I and II amides, indicate the presence of abundant free amino groups in CTS molecules [3] . When comparing FTIR spectra of Lact-CTS with those of CTS, the characteristic absorption of amides in CTS weakened contributing to the chemical changes between the amino groups of CTS and the aldehyde groups of lactose and slightly shifted to 1641 cm −1 in Lact-CTS, representing the bond of Schiff base. These intermolecular conformational changes indicated that lactose was introduced into CTS chains.
Determination of DS.
The DS of galactose moieties on CTS was measured by potentiometric titration method, based on the amount of the consumption of NaOH in the process of the two mutations. Figures 4(a) , 4(c), and 4(e) show the pH value titration curve of Lact-CTS-1, Lact-CTS-2, and Lact-CTS-3, respectively, exhibiting the notion that the pH value increased along with adding more NaOH solution.
The first point of mutation appeared through the reaction of NaOH and the excess HCl on curve, presenting rapid rising of the pH value of solution. Among the two mutations, the consumption of NaOH was to be equivalent to the amount of the free amino groups on CTS backbone. Figures 4(b) , 4(d), and 4(f) show the first-derivative curves of them, which were calculated through the consumption of NaOH in the process of the two mutations. According to the formula, the DS of Lact-CTS-1, Lact-CTS-2, and Lact-CTS-3 were figured out to be 19.66%, 48.62%, and 66.21%, respectively.
Analysis of Contact Angle.
The contact angle of the products, reflecting the relative strength and surface hydrophilicity, was measured by the static sessile drop method. The lower contact angle suggests that the biomaterials possess better surface hydrophilicity for tissue engineering, which directly influences the adhesion and proliferation of living cells on the surface of materials [25] . As shown in Figure 5 , the contact angle of CTS film was 83.9 ∘ and these of Lact-CTS-1 and Lact-CTS-2 were 69 ∘ and 40.4 ∘ , respectively, whereas the Lact-CTS-3 film had serious deformation as soon as it came into contact with the water drop. The phenomenon demonstrated that the hydrophilicity of films was dependent on the DS of galactose moieties on CTS chain; that is to say, the hydrophilicity of Lact-CTS was enhanced along with increasing the galactose moieties. On the other hand, the deformed Lact-CTS-3 was too hydrophilic to poor mechanical stability. All data indicated that Lact-CTS-2 exhibited the lowest contact angle providing the best hydrophilicity to benefit the cell growth, as well as favorable stability.
Galactose Moieties Induced Attachment of Hepatocytes on
Films. The cell attachment between seed cells and artificial ECM can be facilitated through the galactose ligand-receptor recognition and maintain the liver-specific functions [26] . The specific interaction can activate the cell biological behaviors [27, 28] . We investigated the cell attachment on Lact-CTS films to assess influence of DS of galactose moieties on liver cells growth. The morphology of hepatocytes LO2 adhered to CTS, Lact-CTS-1, Lact-CTS-2, and Lact-CTS-3 films was International Journal of Polymer Science shown in Figure 6 . The LO2 cells attached on various films were of round shapes after seeding for 30 min, whereas the partial cells on Lact-CTS-2 and Lact-CTS-3 films exhibited spheroid shapes comparing with CTS and Lact-CTS-1 films after 2 hours. After attachment for 6 hours, a majority of cells on Lact-CTS-2 and Lact-CTS-3 films recuperated spreading shapes, just about normal morphology. However, the cells on CTS and Lact-CTS-1 did not completely spread. The results suggest that the galactose moieties facilitate cells recovery of original morphology and biological behaviors.
Characterizations of Porous Lact-CTS Scaffolds.
The Lact-CTS scaffold was fabricated by using the freezing-drying technique, which is a common method for preparation of tissue engineering scaffold. As shown in Figure 7 , the three-dimensional Lact-CTS-2 scaffolds possessed uniform aperture and good interconnectivity. The microstructure morphology of the other three scaffolds was similar to that of Lact-CTS-2, so their images had not been shown. It is reported that the pore with a size of 100 m is the most beneficial to liver cells reunion [29] . The pore size of Lact-CTS scaffolds ranges from 20 m to 150 m, including the majority of 100 m. The porosity and swelling ratio of scaffolds are important parameters for tissue engineering which determine the cell attachment, migration, proliferation, and so on [30] . As Table 1 , the high porosity of CTS, Lact-CTS-1, Lact-CTS-2, and Lact-CTS-3 scaffolds all was more than these of liver scaffolds reported in previous literature [11] . On the other hand, the four scaffolds had great swelling ratio property and the swelling ratio was enhanced accompanied with increasing the DS of galactose moieties.
Hemolysis Assay.
To assess the cytotoxic effect of CTS and Lact-CTS scaffolds on human RBCs, the hemolytic activity of the scaffolds was measured. As illustrated in Figure 8 , comparing with negative control, CTS, Lact-CTS-1, and Lact-CTS-2 scaffold extract solutions slightly affected RBCs, whereas Lact-CTS-3 scaffold extract solution caused significant release of hemoglobin from damaged RBCs, probably contributing to a large quantity of Lact-CST-3 dissolved in aqueous solution from the scaffold. This result also suggests that the Lact-CTS-3 scaffold possesses poor stability and biocompatibility. 
Conclusions
In this study, the Lact-CTS was successfully synthesized with different DS of galactose moieties through the Schiff base reaction and the reducing action of NaBH 4 and then three-dimensional scaffolds were fabricated by freezingdrying technique for liver tissue engineering. The DS of galactose moieties on CTS was 19.66%, 48.62%, and 66.21% in Lact-CTS-1, Lact-CTS-2, and Lact-CTS-3, respectively. The hydrophilicity and cell attachment of Lact-CTS were enhanced along with increasing the galactose moieties, whereas the mechanical stability and biocompatibility were decreased. Therefore, the Lact-CTS-2 scaffold possesses high porosity, better mechanical stability, and excellent
International Journal of Polymer Science Optical density of the supernatant, expressed as means ± SD from three independent experiments and then analyzed by one-way analysis of variance followed by Dunnett's test for comparison against negative control. * < 0.05 compared with negative control group. The presence of hemoglobin in the supernatant indicated damaged RBCs. PBS and DI water were used as the negative and positive controls, respectively. biocompatibility, indicating that it is a promising material for liver tissue engineering. We are currently working on the maintenance of hepatocellular specific functions on Lact-CTS scaffold in vitro, as well as biodegradation and biocompatibility of scaffolds in vivo.
